cules may be utilized in a dynamic fashion. That is, a core recognition system may exist that underlies the -Ramon y Cajal (1937), Recollections of My Life connections of many different types of neurons, and the precise spatial and temporal control of its activity or Flies are highly visual organisms that can detect color, motion, and polarized light, as well as geometric patquantitative differences may specify connectivity patterns. This type of mechanism may underlie the formaterns. As Cajal discovered nearly a century ago, the deceptively simple reiterated pattern of cells in the fly tion of topographic maps in the vertebrate visual system. Here, the point-to-point mapping of millions of identical eye conceals a pattern of neuronal connections of staggering complexity (Cajal, 1915) . This structure underlies neurons differing only in their position onto an array of functionally equivalent targets is achieved using gradithe sophisticated processing capabilities of the fly visual system. The detection and processing of visual stimuli ents of cell surface molecules on both afferents (i.e., Eph A receptors) and target neurons (Ephrin A ligands). results from the computational functions of neurons within the optic ganglia and the complex patterns of Alternatively, connection specificity may be determined interconnections between them (see Giurfa and Menzel, by a large set of unique cell surface recognition mole-1997).
cules or molecular labels that act in a lock-and-key type These patterns of connections, like complex patterns fashion. The targeting of vertebrate olfactory receptor of neuronal connections more generally, can be thought neurons to specific glomeruli may be dependent upon of as emerging in three distinct steps: guidance to the this type of mechanism, as instructive cues are provided target field, choice of the appropriate target from within by a diverse family of seven-transmembrane domain the local environment, followed by assembly of a funcproteins, the odorant receptors (Mombaerts et al., 1996; tional synapse. Studies in vertebrates and invertebrates Wang et al., 1998) . These observations raise the possibilsupport the notion that growth cones navigate toward ity that very different strategies regulate the recognition their targets by detecting and integrating multiple sigthat underlies connection specificity. To gain insights into the molecular mechanisms regulating connection specificity, several laboratories have plex, and have been described at the level of individual tangential neuronal fibers originating in the medulla cortex, centripetal fibers from regions between the medulla identified neurons (Meinertzhagen and Hanson, 1993 Figure  1B ). These cells fall into three classes. R1-R6 cells exertheless, these findings suggest that intrinsic cellular recognition mechanisms underlie the precision and fipress a rhodopsin with a broad absorption in the green range, while R7 and R8 neurons express rhodopsins that delity of these connectivity patterns. The precision of neuronal connectivity suggests a absorb in the ultraviolet and blue range, respectively. R cells innervate distinct layers in the optic ganglia. R1-complex cellular recognition process that permits specific neurons to distinguish between appropriate and R6 neurons form synaptic connections in the first optic ganglion, the lamina, while R7 and R8 axons project inappropriate cell surfaces. Genetic and developmental studies that we review here have provided cellular and through the lamina and terminate in two separate layers in the medulla ( Figures 1A and 1C) . molecular insights into how this specificity is achieved. First, the step-wise assembly of the visual system reThe extraordinary precision of neuronal wiring in the fly visual system ensures that each synaptic unit in the duces the demands for molecular specificity by presenting R cell growth cones, at least in some contexts, with lamina and in the medulla represents a single point in space arranged in a smooth topographic map (Figures only a rather limited number of alternative targets. Second, surprisingly, interactions between afferents play a 1A and 1C). A complex pattern of R cell connections is required to achieve this simple mapping function. Due key role in target specificity for at least one class of visual system neurons. Third, an N-cadherin-based cell to the curvature of the eye and the precise geometric arrangement of R cells within an ommatidium, six differadhesion system plays a central role in regulating connection specificity at discrete steps. We propose that ent R1-R6 cells in six different ommatidia (i.e., an R1 in one ommatidium, an R2 in another, etc.) "see" the same this represents an evolutionarily conserved mechanism contributing to target recognition. And finally, recent point in space ( Figure 1B) . In addition, an R7 and R8 pair from yet a different ommatidium also see this point studies beginning with molecular and genetic analyses in the fly visual system have uncovered a family of guidin space. Through a precise interweaving pattern of fibers between the retina and the lamina, the six R1-R6 ance receptors in Drosophila that exhibit extraordinary molecular diversity generated by alternative splicing. cells that see the same point in space converge onto a single group of lamina neurons and synapse with them This has led to the proposal that this diversity contributes to the exquisite specificity in connectivity in the fly (Figures 1C and 1D (B) R7, R8, and lamina monopolar neurons project in a specific order into developing medulla columns. R8 axons project from the eye through the lamina into a superficial layer within the medulla. R7 growth cones extend along the surface of R8 axons from the same ommatidium and terminate just past the R8 growth cone layer. As lamina neurons begin to differentiate, they too send axons within the R8/R7 bundle and terminate in layers between the R7 and R8 layers. This intercalation accounts in part for the increased separation of R7 and R8 growth cones seen in the adult. Initially, the R7 and R8 growth cone terminals are separated by 2-3 m; in the adult, these terminals are separated by about 10 m. the information that determines the R cell connectivity Pharmacological studies suggest that nitric oxide pattern in the lamina is borne by the afferent axons plays a role in maintaining R1-R6 growth cones within themselves and decoded by interactions between them. the lamina (Gibbs and Truman, 1998). In wild-type aniImplicit in this view is the notion that the regulation of mals, R1-R6 growth cones remain between layers of cell surface molecules that mediate such interactions lamina glia for about 36 hr before extending to their will prove critical in directing R1-R6 target choice. neuronal targets. While disruption of nitric oxide signalRecent genetic studies suggest that interactions being does not affect the initial targeting of these growth tween R1-R6 may also play a crucial role in regulating the cones to the lamina, it does cause R1-R6 growth cones initial targeting to the lamina. Banerjee and coworkers to inappropriately invade the medulla during pupal dediscovered that the Runt transcription factor is selecvelopment.
tively Cadherin function may be dynamically regulated (for example, see Fannon and Colman, 1996; Shapiro and Colman, 1999). In these studies, specific patterns within different visual system growth cones to specify the formation of distinct connections. We envision that of cadherin expression at mature synapses were used to infer a role in synapse formation, maintenance, or modulation of N-cadherin activity plays a key role in R7 targeting. N-cadherin is required in R7 for growth cones function. Antibody disruption experiments both in vivo and in vitro support the view that N-cadherin is required to execute a simple choice between two immediately adjacent layers in the medulla, the R7 and R8 recipient for the formation or stabilization of connections of retinal ganglion cells to their appropriate layers within the teclayers. The precise temporal and spatial pattern of R cell development and R cell axon guidance reduces the tum (Inoue and Sanes, 1997). These studies, however, leave open the precise developmental stages which redemand for a highly selective mechanism underlying recognition between the growth cone and its target.
quire N-cadherin activity. As we have described for Drosophila N-cadherin, it is possible that vertebrate classiDifferences in activation of Lar between R7 and R8 may provide the crucial distinction between these two layers.
cal cadherins are required both for neurons to select the appropriate cell within the target field, as well as to In this view, differential modulation of N-cadherin, ␤-catenin, or additional components of the adhesion maintain the structure of the mature synapse. Modulation of cadherin activity may also be important in regulatcomplex via tyrosine phosphorylation allows R7 growth cones to extend beyond R8 to make stable connections ing connectivity in vertebrate systems. For example, tyrosine phosphorylation (Matsuyoshi et al., 1992) 
